Seeds and seedlings of Quercus robur, a characteristic tree species of the hardwood floodplain forests along the Rhine River, demonstrated high resistance to complete inundation under controlled conditions. In both experimental trials no significant difference between the different flooding periods (8, 10, and 12 weeks) could be established either for shoot emergence or for the measured morphological growth parameters. Flooding delayed the germination of submerged acorns till the end of inundation. However, seeds of the flooding treatments had significantly higher germination rates than the non-flooded acorns of the control. Likewise, dry weights of seedlings from the flooded seeds were significantly higher than those of seedlings from seeds not flooded. Aboveground growth in the 24-week growth period following flooding was reduced in favour of root development in either trial of the experiment. Restricted leaf development and reduced shoot elongation stalled the growth of young oaks in the seedling trial. The results confirm knowledge from earlier experiments about the flood tolerance of Quercus robur seed and seedlings. They also serve to explain why oak seedlings are widespread on the Rhine floodplain after mast years, but gradually disappear in successive years.
JOURNAL OF FOREST SCIENCE, 53, 2007 (9): 391-399 Reconstruction of the Rhine River along the border between France and Germany in the last century has aggravated the flooding regime in the upper reaches of the stream (Pfarr 2002) and significantly reduced the predictability of floods (MU-RP 1993) . At many recording points the frequency of peak flooding events (average return time) has been reduced by a half. Consequently, refuges of mature floodplain forests as well as intensively managed forests along the river have been affected by more frequent as well as more severe floods (Biegelmaier 2002; Späth 2002) .
Quercus robur occurs naturally in hardwood floodplain forests along Central European rivers (Oberdorfer 1992; Schnitzler 1994) . The broadleaf tree species is highly tolerant to flooding and exhibits optimal growth on floodplains (Röhrig, Bartsch 1992; Ellenberg 1996) . Investigations by Späth (1988 Späth ( , 2002 after severe floods of the Rhine in 1987 and 1999 suggested that Quercus robur was one of the floodplain species best able to withstand the impact of flooding. On both occasions mature Quercus robur stands were flooded for more than 100 days on extreme sites. No withering or dying individuals were observed in the autumn thereafter (1987) and in the following year (2000) , respectively. Depending upon the speed of the river, pole-sized regrowth stands withstood the floods for 41 to 55 days without damage.
Young Quercus robur plants were also found to be flood tolerant. In trials with waterlogged soil in the rooting zone, Quercus robur seedlings exhibited the least change in growth in comparison with other oak species Dreyer 1994; Schmull, Thomas 2000) . Levy et al. (1986) and Dreyer et al. (1991) demonstrated that the extent of the unsaturated soil layer above the water table influenced the sensitivity of waterlogged Quercus robur seedlings considerably. Biomass and plant height, as well as CO 2 assimilation rates and stomatal conductance decreased significantly with a rising water table. In a similar study with waterlogging in the entire rooting zone a considerable leaf loss in Quercus robur was only observed after 11 weeks and live plants were found even after 14 weeks (Roloff, Bonn 2002) . Under the aforementioned conditions Quercus robur revealed the least damage out of the six tested broadleaf tree species, demonstrating the best adaptation to flooding stress.
In spring 1999, the meeting of flood waters from the Rhine and many of its tributaries along the upper part of the stream resulted in the worst flood of the last century. The extreme rise in the water level was caused by unusually mild and wet weather in the northern Alps. In the course of this event Kühne et al. (2005) observed high mortality and growth inhibition of Quercus robur grown from direct seeding and nursery plants at study sites situated between Speyer and Karlsruhe (Germany). In the experiment presented in this paper flood conditions of 1999 were simulated when acorns and seedlings from Quercus robur were entirely submerged under controlled conditions in growth chambers and germination of seeds and regeneration capacity of seedlings following flooding were investigated. Based upon field observations the following hypotheses were tested in this work: -Seeds begin to germinate only after flooding.
-Germination rate decreases as the duration of inundation increases. -Inundation during the vegetation period results in leaf abscission and necrosis of the shoot. -Mortality of seedlings increases as the duration of inundation increases.
MATERIAL AND METHODS

Seeds
Seeds were collected in a single-layered mature Quercus robur stand in southern Rhineland-Palatinate (Bellheim Forest District, Germany) in October 1999. The stand is subjected to annual floods from the Rhine River. Seeds were stored at 4°C until sowing. Prior to the commencement of the experiment, acorns with reduced germination capacity were removed by the floating test (Heiseke 1984) and the vigorous seeds were surface sterilised in an ethanol bath (60% solution). At the end of November 1999 the seeds were randomly divided between the experimental treatments.
Sowing
Acorns from all treatments were placed individually into GL-II plant pots (diameter 5 cm, pot volume 270 cm 3 ) and pushed gently into the soil. The GL-II plant pots were filled with a soil substrate typical of the Upper Rhine floodplain. The sandy loam silt was sterilised with steam. Soil properties are presented in Table 1 .
Growth chamber conditions
All experimental treatments were carried out in growth chambers (Weiss system) at the Institute of Silviculture, Göttingen University. HQL 400 light sources (42,000 lm, 3,700 K) produced a constant photosynthetic photon flux density (PPFD) of 4.3 mole/m 2 /day during the daily 14 h light period. This light intensity corresponds to a relative light intensity of about 15% of full sunlight. According to Lüpke (1998) this radiation level, found underneath the canopy of lightly thinned floodplain forests (Kühne et al. 2005) , is the minimum required for the satisfactory growth of Quercus robur. Plant pots were regularly watered to replace the loss from evapotranspiration determined by weighing during the growth period of all treatments in both experimental trials.
Seed trial
400 GL-II plant pots each containing one sound acorn were randomly divided between four treatments: -C: control without inundation, 24-week growth period. -S8: 8-week inundation followed by a 24-week growth period. -S10: 10-week inundation followed by a 24-week growth period. -S12: 12-week inundation followed by a 24-week growth period. Plant pots of the flooding treatments S8, S10 and S12 were completely submerged in rain water. To simulate averaged conditions of the spring flood in April 1999, air and water temperatures were set to 11°C. During the experiment pH-value and oxygen content of the water were continuously controlled. Due to the basic soil substrate used in the plant pots pH-values remained constantly between 7 and 8 while the oxygen content was kept within the river's natural range of 7 to 9 mg/l (Tittizer, Krebs 1996) by using an aeration pump. Like the seedlings of the non-flooded control C, plants of the flooding treatments were grown at a constant temperature of 19°C for 24 weeks after the end of the respective inundation period.
Seedling trial
Seedlings were grown under the conditions described above for the control C of the seed trial. 24 weeks after sowing vigorous seedlings were randomly divided between the following treatments: -P8: 8-week inundation followed by a 24-week growth period; 25 seedlings. -P10: 10-week inundation followed by a 24-week growth period; 25 seedlings. -P12: 12-week inundation followed by a 24-week growth period; 24 seedlings. During the inundation period seedlings of all treatments were entirely submerged in rain water. Oxygen content and pH-value of the water were consistent with the conditions in the seed trial. Since the seedling trial was supposed to simulate an early summer flood, air as well as water temperatures were kept at 19°C (average of June 1999) during all stages of that part of the experiment.
Data collection
Germination of the acorns (seed trial) and shoot development (seed and seedling trial) were recorded weekly during the 24-week growth period following flooding in both trials. At the end of the growth period shoot length, root collar diameter, number of leaves, number of epicormic shoots, and leaf area (LI 3100, LI-COR Inc.) of all living seedlings were measured. Dry weights of shoots, leaves, and roots were determined separately after complete drying at 105°C.
Statistical analysis
One-factor analyses of variance (one-way ANOVA, Median-Test) and multiple comparisons of means were used to search for statistical differences between the different experimental treatments of either trial. Normal distribution of data and homogeneity of variances as the underlying assumptions for the analysis of variance were tested using the Kolmogorov-Smirnov-Test (Lilliefors-modification), and the Levene-Test, respectively. Calculations were undertaken using Statistica 6.1 (StatSoft Inc.).
RESULTS
Seed trial
Compared to the non-flooded control the inundation of acorns postponed germination, increased germination rate, and influenced the growth and morphology of emerging seedlings. The greatest differences were established in root collar diameter and biomass dry weight of roots and shoots. However, differences in germination rate and morphological parameters between the different flooding treatments were not significant.
Acorns of the flooding treatments did not start germinating until the end of inundation. In comparison with S10 and S12, a slight delay in germination was evident in the S8 treatment (data not shown). 20% of the acorns flooded for 8 weeks still germinated 8 to 12 weeks after the drainage. In both other flooding treatments germination was finished within week eight after the end of flooding. Germination rates of all flooding treatments differed significantly from the control. While 48% of the non-flooded seeds (100 acorns not subjected to flooding) germinated, the germination rate of acorns flooded for 8, 10, and 12 weeks reached 77, 83, and 73%, respectively.
Differences in shoot length between the seedlings from non-flooded seeds and those of flooding treatments were not significant (Table 2) . However, at the end of the 24-week growth period seedlings of the non-flooded control were up to 95 cm high. In the flooding treatments the largest seedlings were only a half of this height (Fig. 1) . In contrast to the values of flooding treatments the shoot lengths of control seedlings were widely distributed with no obvious clustering of the values. The majority of shoot development and elongation occurred during epicotyl elongation in all four treatments. At the end of that period the mean shoot length of control seedlings (26 cm) was significantly greater than the average in S8, S10, and S12 (all 16 cm). Differences between the control and the flooding treatments were smaller and not significant in the second growth period, the formation of epicormic shoots. 73% of the control seedlings had at least one epicormic shoot with a mean length of 17 cm and 6.2 leaves on average. Around 60% of the seedlings of each flooding treatment formed at least one epicormic shoot. Again, morphological parameters differed only slightly and not significantly between the different flooding treat-ments. In all treatments the mean cumulative length of epicormic shoots was 15 cm while the average number of leaves ranged from 4.1 to 4.5. Despite the smaller number of leaves the mean leaf area (104.5 cm 2 ) was not significantly smaller compared to the control seedlings (107.5 cm 2 ).
The mean values of seedling root collar diameter and total seedling dry weight of S8, S10, and S12 were significantly higher than the averages of the control plants after the 24-week growth period following flooding (Table 2) . A biomass increase occurred in all plant components. But whereas the dry weight of leaves increased only slightly, root biomass increased nearly by a factor of 3 (see also Table 4 ). Hence, in all flooding treatments the ratio of dry weight of roots, shoot and leaves was 3:2:1 compared to the ratio of 1.5:1:1 in the control.
Seedling trial
The flooding of seedlings resulted in a loss of leaves and, in many seedlings, in the occurrence of dieback in the upper part of the shoot. Again, no significant differences in any of the morphological growth parameters could be observed between the different flooding treatments.
Resprouting varied considerably between the different treatments (Table 3 ). Although the seedlings that had been flooded for 8 weeks had the highest survival rate, no clear trend regarding the duration of inundation was evident. Emergence of new shoots occurred mainly in the first four weeks after drainage. However, the seedlings flooded for 12 weeks showed a slight delay in new shoot development compared to both other treatments (data not shown). Table 2 . Dimensions and biomass parameters of seedlings from non-flooded seeds (C) after 24 weeks of growth and seedlings from seeds flooded for 8, 10, and 12 weeks (S8, S10, S12) left to grow for 24 weeks after flooding Significance * -*** --*** *** -
Significance of differences between control plants and plants of S8, S10 and S12 is indicated as follows: -no significance; * P < 0.05; ** P < 0.01; *** P < 0.001 The last line shows the degree of significance between the flooded treatments Fig. 1 . Frequency of distribution of shoot lengths (classified in 50 mm steps) of seedlings from seeds without flooding (C) after 24 weeks of growth and seedlings from seeds flooded for 8, 10, and 12 weeks (S8, S10, S12), left to grow for 24 weeks after flooding Absolute frequency (number of seedlings) C S8 S10 S12
In the P10 treatment, 80% of the plants that survived sprouted from the terminal bud compared to 47% in P12 and only 25% in P8. At least 80% of the resprouting seedlings in all treatments formed at least one epicormic shoot with an average length of 7.6 cm. The mean number of corresponding leaves ranged from 3.3 to 4.8 whereas the average leaf area varied between 70.6 cm 2 and 84.2 cm 2 . Due to the occurrence of dieback in all treatments the average total shoot length increased only slightly compared to initial values measured at the beginning of the trial (data not shown). As observed in the seed trial, the dry weight ratio changed in favour of the root biomass (Table 4) . At the end of the 24-week growth period following flooding the ratio of root, shoot and leaf dry weight of the seedlings was on average 6.5:2.5:1 in all treatments.
DISCUSSION
Seed trial
Studies of the germination of flooded seeds were primarily undertaken on tree species of American floodplain forests, where seed from Taxodium distichum and Nyssa aquatica showed high resistance to long-term flooding (Shunk 1939 in Briscoe 1961 Kozlowski, Pallardy 1997) . Research on seeds from various American oak species provided considerably different results. A decline in the germination levels of Quercus falcata seeds occurred after 34 days flooding (Briscoe 1961) . Acorns from Quercus nuttallii remained unaffected under the same conditions. Larsen (1963) observed a slight reduction in the germination rate of seeds from Quercus falcata, Quercus phellos and Quercus lyrata after flooding. The longest flood period of 8 weeks caused the highest losses in these three species. In contrast the number of acorn germinants from Quercus laurifolia increased significantly after 8 weeks of flooding. From the limited research it may be assumed that seeds from oaks at higher elevations and rarely flooded areas of North American riparian forests (upland oaks) have a higher sensitivity to flood than the oak species of the actual floodplains (bottomland oaks).
The flooding of Quercus robur seeds in this study significantly influenced the germination rate of acorns. In all three flooding treatments (S8, S10, S12) the number of germinated acorns increased significantly compared to the non-flooded control. In contrast to this study, Jones (1958) found no increase in the germination capacity of flooded acorns over a non-flooded control. However, as Schmidt (in Briscoe 1961) had already found, Quercus robur seed was considerably less sensitive than acorns of Quercus petraea. Quercus robur, a species typically present in the hardwood floodplain forests where rare but periodic floods occur, responds similarly to the American bottomland oaks.
Research to date suggests that winter and spring floods affect the germination rate of acorns differently by virtue of their different water temperatures. Guo et al. (1998) found that a spring flood with higher water temperature affected seed from species with a lower flood tolerance to a greater extent than a winter flood. In contrast flood tolerant seed 
Significance of differences between seedlings of P8, P10 and P12 is shown in the last line and indicated as follows: -no significance; * P < 0.05 demonstrated the highest germination rates after floods during January and February. Varied explanations for the observed differences are offered in the literature. One assumption is that seed dormancy, influenced partially by temperature, is disturbed at higher water temperatures (Martin et al. 1991; Lyr et al. 1992 ). On the other hand, the oxygen content of natural waters is dependent upon water temperature (Baskin, Baskin 2001) . It is thought that oxygen deficiency in warm water can lead to damage of the embryonic tissue in seeds (Guo et al. 1998 ). Hence, the conditions of the seed trial in this experiment (cool water temperature, constant air supply) probably enhanced the germination capacity of the seed and thereby averted significant differences between the flooding treatments.
In addition to higher germination rates in the experimental treatments S8, S10, and S12 other essential differences from the control were also apparent. The 24-week-old seedlings from the flooded seeds showed altered growth patterns in response to flooding. Significant increases occurred in root, shoot axes, and total dry weight as well as in root collar diameter. Shoot length clearly decreased compared to the control in all three experimental flooding treatments. Thus germinants from the flooded acorns reacted similarly to young seedlings from flood tolerant tree species subjected to flooding in the root zone (Kozlowski, Pallardy 1997; . Whether the flooding of seeds is actually responsible for the growth changes in germinants cannot be determined from this study. However, the observations corroborate previous findings.
Seedling trial
The resilience and tolerance of seedlings after being completely flooded have been less extensively analysed. Most studies of water stress arising from soil saturation have employed flooding in the belowground part of young plants and have observed the effect of oxygen deficiency for a brief period only. Lyr (1993) found a reduction in net photosynthesis and reduced stomatal conductivity in Quercus robur and Fagus sylvatica after anaerobic root conditions for 1 to 4 weeks. Two weeks after removing root anaerobic conditions photosynthesis and stomatal conductivity recovered both in Quercus and in Fagus. The ability of Tilia cordata seedlings to recover was clearly lower. In a similar study, seedlings from Quercus robur, Quercus petraea and Quercus rubra demonstrated no significant recovery 12 days after the completion of a two-week period of anaerobic conditions in the root space ). Parolin (1997) observed that the response of seedlings from tree species in the Central Amazon to complete flooding differed considerably. Despite losing all their leaves after being completely flooded for 18 weeks, the height increment of species such as Crateva benthami and Tabebuia barbata increased rapidly within 3 weeks of the flood subsiding. In contrast Cecropia latiloba and Vitex cymosa recovered more slowly, whereas Senna reticulata had no new shoots nine weeks after drainage.
In this study a high percentage of Quercus robur seedlings survived 12 weeks of complete inundation. For the selected flooding periods there was no relationship between the duration of the flood and the mortality rate of young oaks. Seedlings in treatment P8 demonstrated the highest survival rate, but the proportion of new shoot growth in treatment P12 was substantially higher than in P10. were also able to show the high flood tolerance of Quercus robur. After 12 weeks of complete inundation only 1 out of the 16 one-year-old seedlings died, compared to 9 out of 20 plants of Fraxinus excelsior. The flood tolerance of young Quercus robur has also been observed in the field. After the Rhine flood in 1987 Späth (1988) documented new leaf emergence in oak seedlings that had been flooded for more than 50 days.
The ability of young plants to survive floods appears to be dependent upon their state of development and age as well as the season in which the flood occurs (Glenz et al. 2006 ). Späth (1988) noted much damage in an oak plantation established shortly before the 1987 Rhine flood, resulting in the loss of half the stand. In contrast, an oak sapling plantation established in 1985 suffered no damage as a result of the flood. found that seedlings from the tree species Alnus glutinosa, Fraxinus excelsior, Populus nigra and Ulmus minor were more sensitive to summer floods than to spring floods. Kozlowski and Pallardy (1997) indicated that, in addition to age and species, the timing of the flood also influences flood tolerance. Seedlings are more tolerant to water stress either at the beginning or at the end of an undisturbed growth period. The late timing of the flood in this study, which corresponded to the end of the active growth period, possibly affected the regeneration of Quercus robur seedlings favourably.
In contrast to findings of Frye and Grosse (1992) , who found great regeneration capacity and negligible effects on plant growth after 12 weeks of anaerobic root conditions, the complete inundation of seedlings from Quercus robur produced different results . The shoot length of plants sub-merged for 12 weeks was significantly reduced after the next growing season. Flooded seedlings also had only one quarter of the biomass of non-flooded control plants. Results of the present experiment confirm these observations. The flooded oak seedlings demonstrated a strong reduction in growth increment in comparison with similar aged, non-flooded seedlings grown under slightly better light conditions and similar nutrition. In all treatments the measurements of total and shoot dry weight, leaf number and leaf area after the 24-week recovery period following flooding were about 80 to 90% below the values of plants grown in the absence of flood but under otherwise similar conditions (Ziegenhagen, Kausch 1995). Root growth was less strongly affected and decreased by about 60%. The different allocation of biomass to plant parts was particularly reflected in the parameter leaf weight ratio (LWR). While the formation of photosynthetically active tissue in treatments P8, P10 and P12 constituted only 10% of total plant weight, Welander and Ottosson (1998) reported the mean values of 20% for two-year-old Quercus robur seedlings that had not been flooded.
The inhibition of aboveground growth also affected the development of shoot axes, already disturbed through the dieback of upper parts caused by complete submergence. The average shoot length of seedlings in this study was reduced by two thirds in comparison with young oaks that were not flooded (Ziegenhagen, Kausch 1995) . Under field conditions reduced height growth increases the period in which young oaks run the danger of complete submergence. At the same time the young plants are exposed to shade from competing vegetation for longer periods. This knowledge could, in addition to the lower light availability and severe browsing, provide an additional explanation as to why Quercus robur rarely regenerates naturally despite adequate seed production in the hardwood floodplain forest along the Upper Rhine River.
CONCLUSIONS
The results of this experiment are in agreement with observations of Kühne et al. (2005) at study sites with direct seeding and planting in hardwood floodplain forests along the Rhine, mostly verifying the hypotheses proposed in the introduction. However, in contrast to the respective hypothesis, the germination rate of flooded acorns was increased by inundation and apparently not affected by the duration of submergence. As acorns do not drift during Rhine floods (Kühne et al. 2005) , seeding before the start of the flood season in spring can increase the density of regeneration. On the other hand, the planting of seedlings is likely to result in high mortality and poor stem development if exposed to a prolonged flooding event.
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